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APOEε4 associates with microglial activation
independently of Aβ plaques and tau tangles
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Animal studies suggest that the apolipoprotein E ε4 (APOEε4) allele is a culprit of early microglial activation in
Alzheimer’s disease (AD). Here, we tested the association between APOEε4 status and microglial activation in
living individuals across the aging and AD spectrum. We studied 118 individuals with positron emission tomog-
raphy for amyloid-β (Aβ; [18F]AZD4694), tau ([18F]MK6240), and microglial activation ([11C]PBR28). We found
that APOEε4 carriers presented increased microglial activation relative to noncarriers in early Braak stage
regions within the medial temporal cortex accounting for Aβ and tau deposition. Furthermore, microglial acti-
vation mediated the Aβ-independent effects of APOEε4 on tau accumulation, which was further associated with
neurodegeneration and clinical impairment. The physiological distribution of APOEmRNA expression predicted
the patterns of APOEε4-related microglial activation in our population, suggesting that APOE gene expression
may regulate the local vulnerability to neuroinflammation. Our results support that the APOEε4 genotype exerts
Aβ-independent effects on AD pathogenesis by activating microglia in brain regions associated with early tau
deposition.

Copyright © 2023 The

Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

original U.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).

INTRODUCTION
Alzheimer’s disease (AD) is a multifactorial disorder neuropatho-
logically characterized by amyloid-β (Aβ) plaques and tau neurofi-
brillary tangles (1, 2). Among the multiple pathogenic processes
involved in AD etiology, neuroinflammation, commonly associated
with microglial reactivity, has been increasingly recognized (3, 4).
Microglial activation plays a key role in the accumulation of AD
hallmark proteinopathies, rather than being merely an epiphenom-
enon of their deposition (3, 4). Specifically, recent observations
from animal and human studies suggest that microglial activation
precedes and may drive tau spread over the neocortex following a
Braak stage–like pattern (5–7), from the medial temporal to associ-
ation and primary sensory structures (8–11). Such microglial acti-
vation is synaptotoxic, affects brain connectivity, and predicts

clinical decline (12, 13). Aβ pathology can trigger microglial activa-
tion in AD (14–16), but Aβ plaques and activated microglia only
partially overlap topographically in the human brain (17–19), and
microglial activation may occur before demonstrable Aβ deposi-
tion (3).
The apolipoprotein E ε4 (APOEε4) allele is a major genetic risk

factor for sporadic AD (20–23). The link between APOEε4 and Aβ
deposition is an important factor leading to AD progression (24).
However, recent animal studies suggest that the APOEε4 genotype
may also contribute to AD pathogenesis through Aβ-independent
pathways by potentiating brain inflammation, tau accumulation,
and neurodegeneration (25, 26). Although robust experimental ev-
idence indicates that the APOE genotype modulates microglial re-
sponse in AD (25, 27–30), it remains to be elucidated whether the
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presence of the APOEε4 allele is associated with microglial activa-
tion in the AD human brain. The characterization of this associa-
tion in living individuals is critical to confirm the Aβ-independent
detrimental effects of APOEε4 on microglia homeostasis and to
support the development of therapeutic strategies.
Using complementary positron emission tomography (PET) ra-

diotracers for the topographical quantification of microglial activa-
tion, Aβ, and tau accumulation across the brain, we investigated the
association between the APOEε4 genotype, microglial activation,
Aβ, and tau in a cohort of individuals across the aging and AD con-
tinuum.We hypothesized thatAPOEε4 is associated withmicroglial
activation independently of AD hallmark proteinopathies. We then
tested whether microglial activation mediates the effects of APOEε4
on tau accumulation, neurodegeneration, and clinical impairment.
Postmortem data from the Allen Human Brain Atlas were used to
test the link between regional levels of brain APOE gene expression
and the distribution of microglial activation as a function of the
APOEε4 genotype.

RESULTS
Participants
We screened 606 people for the rs6971 polymorphism in the trans-
locator protein (TSPO) gene. Of the 314 high-affinity binders, we
studied 118 individuals that were across the aging and AD spectrum
[79 cognitively unimpaired (CU), 23 with mild cognitive impair-
ment (MCI), and 16 with AD dementia] with [18F]AZD4694 Aβ
PET, [18F]MK6240 tau PET, [11C]PBR28 microglial activation
PET, and magnetic resonance imaging (MRI), as well as APOE gen-
otyping (fig. S1). Demographic characteristics of the population are
reported in Table 1. Information regarding the prevalence of APOE
genotypes in our sample is described in table S1.

APOEε4 associates with microglial activation in the medial
temporal cortex
To test the association between APOEε4 status and [11C]PBR28 mi-
croglial activation PET, we conducted linear regression analyses ad-
justing for age, sex, and clinical diagnosis. Voxel-wise regression
analysis showed that APOEε4 carriers had higher [11C]PBR28
uptake relative to noncarriers mainly in medial temporal structures
(transentorhinal, entorhinal, and hippocampal cortices), which are
the regions corresponding to early Braak stages (Fig. 1, A and B).
Regarding the spatial extent of the voxel-wise results, the association
between the presence of the APOEε4 allele and [11C]PBR28 [stan-
dardized uptake value ratio (SUVR)] was predominantly observed
in areas corresponding to Braak I (affecting 94.8% of this region),
followed by Braak II (47.6%), Braak III (16.7%), Braak IV (13.1%),
Braak V (2.5%), and Braak VI regions (1.0%; Fig. 1C). Similarly, in
terms of themagnitude of the associations (β estimate), the relation-
ship between APOEε4 and [11C]PBR28 uptake was progressively
weaker from Braak I to VI, surviving Bonferroni correction for mul-
tiple comparisons only in Braak I and II regions [Braak I: β = 0.088;
95% confidence interval (CI), 0.044 to 0.133; P < 0.001; Braak II:
β = 0.066; 95% CI, 0.020 to 0.111; P = 0.005; Fig. 1D]. Sensitivity
analysis excluding individuals bearing the ε2 allele of the APOE
gene showed similar findings (fig. S2). Results stratifying individu-
als according to the cognitive status are presented in fig. S3. In a
subset of 42 individuals (33 CU, 6 withMCI, and 3 with AD demen-
tia) with available clinical follow-up data (≥1 year after baseline), we
tested the association of microglial activation with longitudinal neu-
rodegeneration and clinical decline. Linear regression models ac-
counting for age, sex, and clinical diagnosis revealed that higher
[11C]PBR28 SUVR in the brain regions vulnerable to APOEε4
effects on microglial activation was associated with higher rates of
longitudinal hippocampal atrophy (β = −0.293; 95% CI, −0.539 to
−0.046; P = 0.021; fig. S4A) and clinical decline (β = 3.378; 95% CI,
1.783 to 4.974; P < 0.001; fig. S4B).

APOEε4 associates with microglial activation even
accounting for Aβ and tau biomarkers
We investigated the association between the APOEε4 genotype and
[11C]PBR28 uptake accounting for AD hallmark proteinopathies
using linear regression analysis. We observed a statistically signifi-
cant association between the presence of the APOEε4 allele and
higher [11C]PBR28 uptake in Braak I-II regions, accounting for
global Aβ and local tau PET, as well as age, sex, and clinical diag-
nosis (β = 0.055; 95% CI, 0.010 to 0.100; P = 0.018; Table 2). Regard-
ing AD proteinopathies effects in this regression model, we found
that Braak I-II [11C]PBR28 SUVR was significantly associated with
local tau PET SUVR (β = 0.109; 95% CI, 0.031 to 0.187; P = 0.006;
Table 2) but not with global Aβ PET SUVR (β = −0.030; 95% CI,
−0.079 to 0.019; P = 0.232; Table 2). In a subgroup of 51 participants
(31 CU, 12 with MCI, and 8 with AD dementia), we conducted sen-
sitivity analyses accounting for cerebrospinal fluid (CSF) Aβ1–42 and
tau phosphorylated at threonine 181 (p-tau181) instead of
[18F]AZD4694 Aβ PET and [18F]MK6240 tau PET, respectively. De-
mographics for the subgroup of participants are presented in table
S2. Similarly, we found that the presence of the APOEε4 allele was
significantly associated with higher [11C]PBR28 SUVR in Braak I-II
regions (β = 0.073; 95%CI, 0.005 to 0.140; P = 0.035; Table 3), which
reinforces the cross-modality imaging results. In relation to the bio-
markers for AD hallmark proteins, this model showed that Braak I-

Table 1. Demographics and key characteristics of participants by
clinical diagnosis. Continuous variables are presented as mean (SD). CU,
cognitively unimpaired; MCI, mild cognitive impairment; AD, Alzheimer's
disease; CDR-SB, clinical dementia rating scale sum of boxes; MMSE, mini-
mental state examination; ROI, region of interest; SUVR, standardized
uptake value ratio.

CU MCI AD

No. 79 23 16

Age, years 72.3 (5.7) 73.0 (5.3) 70.1 (10.3)

Male, no. (%) 17 (21.5) 14 (60.9) 9 (56.3)

Education, years 15.2 (3.7) 15.5 (2.9) 13.6 (3.8)

APOEε4 carrier, no. (%) 23 (29.1) 15 (65.2) 7 (43.8)

MMSE score 29.2 (1.0) 28.2 (1.6) 22.1 (5.9)

CDR-SB score 0.1 (0.2) 1.5 (0.8) 5.3 (2.5)

Global [18F]AZD4694 SUVR 1.52 (0.43) 2.18 (0.58) 2.42 (0.54)

Braak I-II [18F]MK6240 SUVR 0.94 (0.19) 1.38 (0.52) 1.60 (0.39)

Braak III-IV [18F]MK6240 SUVR 0.96 (0.10) 1.28 (0.53) 2.19 (1.13)

Braak V-VI [18F]MK6240 SUVR 0.98 (0.09) 1.16 (0.31) 2.05 (1.22)

Hippocampal volume, cm3 3.45 (0.34) 3.18 (0.34) 2.95 (0.55)
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II [11C]PBR28 SUVR was significantly associated with CSF Aβ1–42
levels (β = 0.0001; 95% CI, 0.00001 to 0.0002; P = 0.027; Table 3) but
not with CSF p-tau181 levels (β = 0.0004; 95% CI, −0.0003 to 0.001;
P = 0.273; Table 3). Exploratory analyses conducted across the six
Braak regions supported that the investigated association of
APOEε4 with [11C]PBR28 uptake was mainly confined to early
Braak regions, either assessing AD hallmark proteins with
imaging ([18F]AZD4694 Aβ PET and [18F]MK6240 tau PET; table
S3) or fluid biomarkers (CSF Aβ1–42 and p-tau181; table S4).

APOE gene expression resembles APOEε4-related microglial
activation patterns
We studied the topographical distribution of APOE mRNA in the
postmortem brain of six CU individuals from the Allen Human
Brain Atlas. We observed different APOE gene expression levels
across Braak regions, which were progressively lower from Braak I
to VI (Fig. 2A), suggesting that the cerebral levels of APOE gene ex-
pression partially follow Braak-like stages. In addition, linear regres-
sions demonstrated that the regional patterns of Allen APOE

Fig. 1. APOEε4 is associated with microglial activation in early Braak regions. (A) T map shows the result of voxel-wise linear regression testing the association of
APOEε4 carriage status (noncarrier or carrier) with [11C]PBR28 SUVR accounting for age, sex, and clinical diagnosis [Cognitively unimpaired (CU), mild cognitive impair-
ment (MCI) or Alzheimer's disease (AD)]. Results survived random field theory correction for multiple comparisons at P < 0.05. (B) Bars show the mean and SD of
[11C]PBR28 standardized uptake value ratio (SUVR) in APOEε4 noncarriers and carriers. Imaging biomarker values were extracted from the peak T value cluster of the
voxel-wise analysis (T value ≥ 4.7). P value indicates the result of regression analysis accounting for age, sex, and clinical diagnosis. (C) Bars represent the spatial extent of
the APOEε4-related microglia activation across Braak regions. Values were calculated by determining the percentage of voxels per Braak region having an association (T
value > 2) between APOEε4 and [11C]PBR28 in the voxel-wise analysis. (D) β estimates with 95% confidence interval (CI) represent the strength of the regional association
between APOEε4 status and [11C]PBR28 SUVR across Braak regions from region of interest (ROI)–based linear regressions. Models were adjusted for age, sex, and clinical
diagnosis. Estimates that survived Bonferroni correction at P < 0.05 are indicated with a double asterisk.
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mRNA expression across Braak regions predicted the topography
and magnitude of APOEε4 effects on [11C]PBR28 uptake observed
in our population (Fig. 2, B and C). By contrast, across non-Braak
regions [i.e., Desikan-Killiany-Tourville (DKT)–based regions of
interest (ROIs) not included in the Braak mask used in the
present work], the regional patterns of APOE mRNA brain expres-
sion were not associated withAPOEε4 effects on [11C]PBR28 uptake
observed in our study population, neither in terms of topography
(P = 0.282) nor in terms of magnitude (P = 0.592).

Microglial activation mediates the Aβ-independent effects
of APOEε4 on AD markers
We next used structural equation modeling to investigate the asso-
ciations betweenAPOEε4, microglial activation, Aβ, tau, hippocam-
pal volume, and clinical function [as measured with the clinical

dementia rating scale sum of boxes (CDR-SB)]. In amodel assessing
microglial activation and tau pathology in medial temporal struc-
tures, we found that an increase in [11C]PBR28microglial activation
uptake partially mediated the effects of APOEε4 on higher tau PET
uptake in Braak I-II regions independently of Aβ PET burden. The
model also showed a separate pathway in which APOEε4 effects on
higher tau PET uptake occurred partially through higher Aβ PET
load independently of microglial activation. Notably, both Aβ-inde-
pendent and Aβ-dependent pathways leading to medial temporal
tau pathology were further associated with lower hippocampal
volume and, ultimately, higher severity of clinical impairment
(Fig. 3 and table S5). This model fits the data well [n = 118,
X2 = 7.141, df = 5, P = 0.210, root mean square error of approxima-
tion (RMSEA) = 0.060, standardized root mean square residual
(SRMR) = 0.023, comparative fit index (CFI) = 0.991]. A separate
model assessing tau pathology and microglial activation in areas
outside the medial temporal lobe is reported in fig. S5 and table S6.

DISCUSSION
In the current study, we observed that the presence of the APOEε4
allele was associated with microglial activation in early Braak stage
regions. This relationship persisted after accounting for AD hall-
mark proteinopathies. We also found that the brain distribution
of APOE gene expression predicted the pattern of APOEε4-related
microglial activation observed in our study population. Last, we
demonstrated that microglial activation partially mediated the
APOEε4 effects on regional tau accumulation through an Aβ-inde-
pendent pathway, which was further associated with neurodegener-
ation and clinical impairment. Together, our findings support the
hypothesis that APOEε4 contributes to the early progression of AD
via increased neuroinflammation.
The APOEε4 genotype was associated with higher levels of mi-

croglial activation in living humans across the aging and AD con-
tinuum. Several recent investigations in animal models of AD
support our findings. For example, the APOE genotype modulates
microglial response in AD, withAPOEε4 being associated withmul-
tiple microglial-related detrimental downstream effects (e.g.,
protein aggregation, neurodegeneration, and dysfunctional immu-
nometabolic response) (25, 27–30). Further experiments showed
that the APOEε4 genotype associates with changes in the transcrip-
tional profile of microglia from a homeostatic state to a disease-as-
sociated state across AD progression (31, 32) and that the activation
of microglial-related proteins [e.g., triggering receptor expressed on
myeloid cells 2 (TREM2); (33–36)] is directly associated with ApoE
signaling (37). This evidence raises the possibility that the mecha-
nisms explaining the link between ApoE and microglial activation
occur at the transcriptional level by the expression of microglia-spe-
cific genes such as TREM2. Together with our results showing that
microglial activation in APOEε4-vulnerable regions was associated
with subsequent hippocampal atrophy and clinical deterioration,
these findings suggest that the APOEε4 genotype is associated
with a disruption in microglia homeostasis in AD, promoting
disease-associated microglia that plays a role in the development
of the disease.
Our results showed an independent effect of APOEε4 on medial

temporal microglial activation leading to AD progression. Previous
observations indicate that microglial activation may precede and
drive tau propagation (5–7, 38). Moreover, an investigation using

Table 2. Association between APOEε4 and microglial activation
accounting for Aβ positron emission tomography (PET) and tau PET.
Aβ pathology was measured with global [18F]AZD4694 standardized
uptake value ratio (SUVR), microglial activation with Braak I-II [11C]PBR28
SUVR, and tau pathology with Braak I-II [18F]MK6240 SUVR. CU, cognitively
unimpaired; MCI, mild cognitive impairment.

β (95% CI) T value P value

Model: [11C]PBR28 SUVR ~ APOEε4 status + [18F]AZD4694 SUVR +
[18F]MK6240 SUVR + age + sex + clinical diagnosis

APOEε4 carriership 0.055 (0.010 to 0.100) 2.404 0.018

[18F]AZD4694 SUVR −0.030 (−0.079 to 0.019) −1.203 0.232

[18F]MK6240 SUVR 0.109 (0.031 to 0.187) 2.779 0.006

Age 0.001 (−0.002 to 0.004) 0.631 0.530

Male −0.015 (−0.061 to 0.031) −0.656 0.513

Clinical diagnosis

MCI −0.064 (−0.129 to 0.001) −1.954 0.053

AD −0.071 (−0.151 to 0.009) −1.758 0.082

Table 3. Sensitivity analysis testing the association of APOEε4 with
microglial activation accounting for cerebrospinal fluid (CSF) Aβ1–42
and p-tau181. Aβ pathology was measured with CSF Aβ1–42, tau pathology
with CSF p-tau181, and microglial activation with Braak I-II [

11C]PBR28
standardized uptake value ratio (SUVR). p-tau181 = tau phosphorylated at
threonine 181. MCI, mild cognitive impairment; AD, Alzheimer's disease.

β (95% CI) T value P value

Model: [11C]PBR28 SUVR ~ APOEε4 status + CSF Aβ1–42 + CSF p-
tau181 + age + sex + clinical diagnosis

APOEε4 carriership 0.073 (0.005 to 0.140) 2.179 0.035

CSF Aβ1–42 0.0001 (0.00001 to 0.0002) 2.298 0.027

CSF p-tau181 0.0004 (−0.0003 to 0.001) 1.110 0.273

Age 0.007 (0.002 to 0.012) 2.799 0.008

Male −0.013 (−0.077 to 0.051) −0.422 0.675

Clinical diagnosis

MCI −0.011 (−0.099 to 0.077) −0.252 0.802

AD 0.054 (−0.048 to 0.156) 1.062 0.294
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the [11C]PK11195 PET tracer found that microglial activation in the
temporal lobe is associated with longitudinal cognitive declinemore
strongly than the [18F]AV1451 tau PET tracer binding in patients
presenting AD pathophysiology (12). We complemented these
reports by demonstrating an Aβ-independent effect of APOEε4
on early microglial activation in medial temporal structures,
which, in turn, mediate tau accumulation that was further related
to neurodegeneration and clinical decline. These results resonate
with recent CSF biomarker evidence of neuroinflammation in
adult APOEε4 carriers who have not developed Aβ pathology yet
(39). Our findings are also in line with animal model studies
showing that the APOE genotype affects tau pathology and tau-me-
diated neurodegeneration independently of Aβ, with the APOEε4
isoform having detrimental effects on both outcomes (25, 38, 40–
42). In humans, the APOEε4 allele has been associated with
medial temporal atrophy (43–46). In addition, a recent study re-
vealed that APOEε4 carriers have higher tau PET uptake relative
to noncarriers in the medial temporal lobe independently of Aβ,
raising discussions about the importance of elucidating the biolog-
ical underpinnings of this association (47). We built on these pre-
vious investigations suggesting that microglial activation is the
mediator of the Aβ-independent effects of APOEε4 on medial tem-
poral tau deposition and brain atrophy, leading to dementia. To-
gether, these results suggest that disease-modifying therapies
targeting the interplay between ApoE and microglial activation
have the potential to slow downstream AD progression.
We observed that cerebral APOE mRNA expression was more

prominent in medial temporal structures and its levels hierarchical-
ly followed the Braak staging scheme. Although the Allen Human
Brain Atlas is derived from younger adults without dementia, the
APOE gene expression pattern was able to predict the topography
and magnitude of the APOEε4-related [11C]PBR28 uptake increase
in our cohort. It is well established that tau neurofibrillary tangles
follow a stereotypical pattern of progression known as Braak stages,
with tau tangles deposition starting in the medial temporal cortex
(8–11). Microglial activation precedes and drives tau spread from

the medial temporal lobe to the neocortex in a Braak-like pattern
in AD models (5–7), although the mechanism associated with trig-
gering microglial activation in medial temporal structures was not
fully understood. Here, we showed, first, thatAPOEε4 plays a role in
triggering microglia activation in early Braak regions and, second,
that a Braak-like pattern of APOE gene expression could shed light
on the entire hierarchical progression of tau across these stages.
These results indicate that microglia-mediated tau propagation in
AD might be explained at least partially by the cerebral expression
levels of ApoE4.
Strengths of the present work include the assessment of a well-

characterized cohort with multiple PET radiotracers acquired on
the same scanner, which allows high-quality topographical charac-
terization of microglial activation, Aβ deposition, and tau accumu-
lation using the best currently available technologies. Moreover, we
screened a large sample of 606 individuals for the rs6971 polymor-
phism in the TSPO gene, and, consequently, we were able to include
only high-affinity binders for the [11C]PBR28 radiotracer, which in-
creases the signal-to-noise ratio of the tracer and the reliability of
our results.
Methodological limitations need to be acknowledged and con-

sidered to interpret our results. The [11C]PBR28 radiotracer binds
to the TSPO, which is a protein mainly expressed in the mitochon-
drial outer membrane of activated microglia (3). Thus, [11C]PBR28
PET is considered an imaging biomarker of a general cerebral mi-
croglial activation state (7, 48, 49). However, it is recognized that
microglia may acquire diverse phenotypes across disease progres-
sion (3), and this heterogeneity cannot be captured using the avail-
able human brain imaging technologies. Furthermore, it is possible
that other cell types (e.g., astrocytes) also play a minor role in the
TSPO PET signal (3, 50–53). CSF measures have been suggested
to detect Aβ and tau accumulation earlier than PET (48, 54, 55).
We observed a consistent pattern for the association between
APOEε4 allele and [11C]PBR28 SUVR when adjusting the models
for PET imaging ([18F]AZD4694 and [18F]MK6240) and fluid
(CSF Aβ1–42 and p-tau181) biomarkers; however, we cannot

Fig. 2. The brain levels of APOE gene expression predict APOEε4-related [11C]PBR28 standardized uptake value ratio (SUVR) increase. (A) Brain map of the
topographical distribution of APOE mRNA expression in six cognitively unimpaired (CU) individuals obtained from the Allen Human Brain Atlas (left). Average intensity
values of APOEmRNA expression in each Braak region (right). (B) Regression analysis testing whether Allen brain APOE gene expression patterns predict the percentage of
the area showing APOEε4-related [11C]PBR28 SUVR increase across Braak regions in our population. (C) Regression analysis testing whether the Allen brain APOE gene
expression patterns predict the magnitude/strength of the association between APOEε4 and [11C]PBR28 uptake across Braak regions in our population.
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exclude a possible contribution of pre-plaque Aβ and tau conforma-
tions from our results. In medial temporal areas, while CSF Aβ1–42
but not Aβ PET was directly associated with microglial activation,
tau PET but not CSF p-tau181 was directly related to microglial ac-
tivation. Several factors can play a role in these findings, such as that
different aspects of AD pathophysiology are assessed with fluid
(concentration of soluble proteins) and imaging (insoluble
protein aggregation) markers (56). Additional studies are warranted
to clarify the underpinnings of the relationships between imaging
and fluid AD biomarkers with microglial activation. Although
our statistical models were adjusted for sex, males were underrepre-
sented in the CU group, which might compromise the generaliz-
ability of our results. Future studies using multiple longitudinal
measures are needed to better evaluate the sequential relationship
between neuroimaging biomarkers. Last, individuals included in
our investigation were volunteers motivated to participate in a
study about AD, which can be a source of self-selection bias.
In conclusion, our results support the existence of an Aβ-inde-

pendent effect of APOEε4 on AD progression through microglial
activation, leading to tau accumulation, neurodegeneration, and
eventually clinical impairment. These findings help to better under-
stand the multifaceted role of the APOEε4 genotype in the develop-
ment of AD.

MATERIALS AND METHODS
Experimental design
The main objective of the present study was to test the association
between the presence of theAPOEε4 allele and brain levels of micro-
glial activation. We hypothesized that APOEε4 is associated with
microglial activation in early Braak regions independently of Aβ
and tau pathologies. Furthermore, we aimed to assess whether mi-
croglial activation mediates the association between APOEε4 and
AD markers. Participants from the community or outpatients at
the McGill University Research Centre for Studies in Aging were
enrolled in the Translational Biomarkers in Aging and Dementia

study (https://triad.tnl-mcgill.com). Participants were required to
have adequate visual and auditory capacities for neuropsychological
assessment, as well as the ability to speak English or French. In ad-
dition, individuals were not enrolled if they had active substance
abuse, major surgery, recent head trauma, neuroimaging contrain-
dication, simultaneously being enrolled in other studies, and un-
treated neurological, psychiatric, or systemic conditions. This
study was approved by the Douglas Mental Health University Insti-
tute Research Ethics Board and the Montreal Neurological Institute
(MNI) PET working committee, and all participants provided
written informed consent.

Participants
Of the 606 individuals screened for the rs6971 polymorphism in the
TSPO gene, we studied 118 individuals with high-affinity binding
aged 52 to 87 years (79 CU, 23 with MCI, and 16 with AD demen-
tia). At the same time point, all participants had PET for Aβ
([18F]AZD4694), tau tangles ([18F]MK6240), and microglial activa-
tion ([11C]PBR28), as well as MRI and APOE genotyping. Two in-
dividuals that had [11C]PBR28 or [18F]MK6240 SUVR values of 3
SDs above the mean of the population were considered outliers as
defined a priori and excluded from the analyses. A flowchart de-
scribing the selection of study participants is reported in fig. S1. Par-
ticipants underwent detailed neuropsychological assessments,
including mini-mental state examination and CDR. CU individuals
had no objective cognitive impairment and a global CDR score of
0. MCI patients had subjective and objective cognitive impairment,
preserved activities of daily living, and a global CDR score of 0.5
(57). Mild-to-moderate AD dementia patients had a global CDR
score between 0.5 and 2 and met the National Institute on Aging
and the Alzheimer ’s Association criteria for probable AD (58).
We analyzed all the individuals with complete data, and no power
analysis was performed before the study. Note that the sample size
of the present work is similar to the largest previous TSPO PET
studies across the AD spectrum (7, 59–61).

Fig. 3. APOEε4 contributes to Alzheimer's disease (AD) progression independently of Aβ by activating microglia. The values presented in the figure are structural
equation model β estimates testing the associations between APOEε4 status, microglial activation positron emission tomography (PET), Aβ PET, tau PET, hippocampal
volume, and clinical function. Given that the β estimates presented in the figure are standardized, the effects can be directly compared. Solid lines represent significant
associations, whereas dashed lines represent nonsignificant effects. All associations were adjusted for age and sex. Associations involving hippocampal volume and
clinical function were also adjusted for years of education. Aβ pathology was measured with global [18F]AZD4694 standardized uptake value ratio (SUVR), microglial
activation with Braak I-II [11C]PBR28 SUVR, and tau pathology with Braak I-II [18F]MK6240 SUVR. Clinical function was assessed with the clinical dementia rating scale sum
of boxes (CDR-SB) score.
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Genetic data
[11C]PBR28 binding affinity is influenced by a common polymor-
phism (rs6971) in the TSPO gene (www.ncbi.nlm.nih.gov/snp/
rs6971). To increase the reliability of our results, we genotyped
606 participants for the rs6971 polymorphism before imaging,
and we only included high-affinity binders (7). Note that this poly-
morphism is a methodological caveat and does not affect TSPO
levels, glial activity, or AD pathological changes (53). Moreover,
participants were genotyped for the APOE gene using the polymer-
ase chain reaction amplification technique, followed by restriction
enzyme digestion, standard gel resolution, and visualization pro-
cesses (62).

Brain imaging
T1-weighted MRIs were acquired at the MNI using a 3T Siemens
Magnetom. We used the magnetization prepared rapid acquisition
gradient echo MRI (repetition time, 2300 ms; echo time, 2.96 ms)
sequence to obtain high-resolution structural images of the whole
brain (9° flip angle, coronal orientation perpendicular to the double
spin echo sequence, 1 mm–by–1 mm in-plane resolution of 1 mm
slab thickness) (63). Aβ PETwith [18F]AZD4694 (40 to 70 min after
injection), tau PET with [18F]MK-6240 (90 to 110 min after injec-
tion), and microglial activation TSPO PET with [11C]PBR28 (60 to
90 min after injection) were acquired at the MNI using a Siemens
High Resolution Research Tomograph. PET scans were reconstruct-
ed using the ordered subset expectation maximization algorithm on
a four-dimensional volume with three frames (3 × 600 s) for
[18F]AZD4694 PET (64), four frames (4 × 300 s) for [18F]MK-6240
PET (64), and six frames (6 × 300 s) for [11C]PBR28 PET (7). Then,
attenuation correction was performed using a 6-min transmission
scan with a rotating 137Cs point source. Furthermore, PET images
were corrected for motion, dead time, decay, and scattered and
random coincidences. Following an in-house pipeline, T1-weighted
MRIs were corrected for nonuniformity and field distortion. Subse-
quently, linear coregistration and nonlinear spatial normalization
for the Alzheimer's Disease Neuroimaging Initiative (ADNI) tem-
plate were performed through linear and nonlinear transformation
in two main steps: (i) PET registration to the correspondent T1-
weighted MRI and (ii) T1-weighted MRI registration to the ADNI
reference space. PET images were spatially smoothed to achieve a
final resolution of 8-mm full width at half maximum. SUVRs
were calculated using the whole cerebellum gray matter for
[18F]AZD4694 Aβ PET (65) and [11C]PBR28 microglial activation
PET (7) and the inferior cerebellum gray matter for [18F]MK-6240
tau PET (66). The DKT atlas was used to determine the ROIs (67). A
global Aβ PET SUVRwas estimated from the precuneus, prefrontal,
orbitofrontal, parietal, temporal, and cingulate cortices (68). On the
basis of postmortem observations (8, 9) and PET studies (66, 69),
PET Braak-like stages were calculated from brain regions corre-
sponding to the Braak stages of tau neurofibrillary tangle accumu-
lation: Braak I (transentorhinal), Braak II (entorhinal and
hippocampus), Braak III (amygdala, parahippocampal gyrus, fusi-
form gyrus, and lingual gyrus), Braak IV (insula, inferior temporal,
lateral temporal, posterior cingulate, and inferior parietal), Braak V
(orbitofrontal, superior temporal, inferior frontal, cuneus, anterior
cingulate, supramarginal gyrus, lateral occipital, precuneus, superi-
or parietal, superior frontal, and rostro medial frontal), and Braak
VI (paracentral, postcentral, precentral, and pericalcarine) (66, 70).
A representation of the Braak-like regions used in our analysis is

shown in fig. S6. Hippocampal volume was adjusted for total intra-
cranial volume using MRI data from CU individuals (71).
The Allen Human Brain Atlas (www.brain-map.org) (72) was

used to obtain information regarding APOE gene expression in
the brain. In brief, microarray was used to calculate mRNA expres-
sion intensity values on 3702 samples from six healthy human post-
mortem brains [four males, mean age = 42.5 (13.4) years,
postmortem delay = 20.6 (7) hours]. The APOE mRNA brain ex-
pression maps were derived from a Gaussian process (73) and
downloaded from www.meduniwien.ac.at/neuroimaging/
mRNA.html.

CSF measurements
A subgroup of 51 individuals had CSF Aβ1–42 and p-tau181 quanti-
fied using the LUMIPULSE G1200 instrument (Fujirebio) at the
Clinical Neurochemistry Laboratory, University of Gothenburg,
Mölndal, Sweden (74).

Statistical analysis
Analyses were performed in the R software (version 4.0.2, www.r-
project.org/). Neuroimaging analyses were conducted using
"RMINC" (75), an imaging package that allows the integration of
voxel-based statistics into the R statistical environment. Voxel-
wise and ROI-based linear regressions tested the association
between APOEε4 status (noncarrier or carrier) and microglial acti-
vation indexed by the [11C]PBR28 SUVR adjusting for age, sex, and
clinical diagnosis (CU, MCI, or AD). To further investigate whether
this association was independent of AD hallmark proteins, ROI-
based models were also adjusted for Aβ ([18F]AZD4694 PET or
CSFAβ1–42) and tau ([18F]MK-6240 PET or CSF p-tau181) biomark-
ers. Multiple comparisons correction at P < 0.05 was performed
using random field theory for voxel-wise analysis and Bonferroni
method for ROI-based analysis when appropriate. Linear regres-
sions also assessed the association of [11C]PBR28 SUVR with
annual changes in hippocampal volume and CDR-SB score.We cal-
culated the percentage of voxels in each Braak region showing an
association (T value > 2) between the APOEε4 genotype and
[11C]PBR28 SUVR in the aforementioned voxel-wise analysis. Re-
gression analysis tested whether theAPOEmRNA expression inten-
sity predicted the topography and magnitude of APOEε4-related
[11C]PBR28 SUVR increase across Braak regions. Structural equa-
tion modeling, R package “lavaan” (76), was used to test the associ-
ations between APOEε4 status, microglial activation, Aβ, tau,
hippocampal volume, and clinical function (as measured with
CDR-SB). All the associations in the model were adjusted for age
and sex; associations involving hippocampal volume and clinical
deterioration were further adjusted for years of education. Structur-
al equation model was judged as having a good fit as follows:
CFI > 0.97 (acceptable, 0.95 to 0.97), RMSEA < 0.05 (acceptable,
0.05 to 0.08), and SRMR < 0.05 (acceptable, 0.05 to 0.10) (77, 78).
Statistical significance of parameters estimates from the structural
equation model was tested using bootstrapping with 1000 permuta-
tions. For all analyses, two-tailed P values < 0.05 were considered
statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
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Tables S1 to S6

View/request a protocol for this paper from Bio-protocol.
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